Aim To detect possible expansion of boreal forest stands in response to recent warming. Previous modelling studies have concluded that major shifts in vegetation patterns, including changes in boreal forest extent, could arise during the next two centuries under global warming scenarios. However, ®eld investigations of tree stands at ecotones have so far revealed little indication of stand response to warming during the last 100 years. This study uses a c. 25-year record of Landsat satellite observations to quantify changes in forest stand extent in two areas of northern Canada.
change. Ecotones mark the boundary between realized ecological niches, the location where local environmental conditions and competitive pressures become favourable for one community and unfavourable for another. If these realized niches are sensitive to climate, ecotones should show an early response to climate change. The abundance of environmental stresses at high-latitudes, and the clear evidence for warming in the region over the last 100 years, suggest that boreal-tundra regions may show such early evidence for expansion or contraction of forest ecosystems (Callaghan & Jonasson, 1995) .
Forest migration rates have generally been estimated using one of three approaches: (1) paleoenvironmental analysis, (2) model simulations, or (3) experimental observations at test sites. As discussed below, these approaches yield very different estimates of migration rates and lag times, ranging from near stability to over 100 km per century. Direct observation of boreal forest stands along the boreal-tundra ecotone has indicated little change in forest boundaries during the last 50±100 years, but ®eld studies are necessarily restricted to local areas.
In this paper, we explore the use of satellite remote sensing to overcome this spatial limitation. Using Landsat images, we examine forest-cover changes over the last three decades for two regions along the Canadian forest±tundra boundary. Although the spatial resolution of the Landsat data cannot resolve extremely slow rates of migration (<200±300 m per century), it should be possible to observe higher rates of migration if those rates are, in fact, ongoing. In neither region can forest expansion nor contraction be detected from the satellite imagery. This ®nding supports those of the ®eld studies noted above, and suggests that current rates of forest expansion must currently be less than c. 200±300 m per century.
BACKGROUND: VEGETAT ION R ESPONSE TO CLIMATE SHIFTS
Viewed over the Quaternary time scale, there is little doubt that climate exerts a fundamental control on forest patterns (Davis, 1981; Webb, 1981; Prentice, 1986; Prentice et al., 1992; Kleidon & Mooney, 2000) . Vegetation changes following major climate shifts (e.g. the Last Glacial Maximum, the Younger Dryas Event) are clear from palynological studies (Davis, 1981 (Davis, , 1989 MacDonald et al., 1993; Pacala & Hurtt, 1993) . However, the rate at which forest ecosystems track climate change, and the time lags that may precede such changes, are much less certain. Geological data suggest that treeline migrated north at a rapid rate of 15±50 km per century at the close of the Pleistocene . During the Younger Dryas, Davis (1989) reported similar migration rates (20±25 km per century) for red spruce across northern Michigan. Ritchie & MacDonald (1986) report an even higher rate for white spruce migration of 200 km per century following deglaciation at the beginning of the Holocene (c. 9000 yrs BP BP ). Taken together, such results suggest that extreme climate change episodes can cause forests to rapidly expand their geographical ranges. The lags between climate change and vegetation response recorded in these studies are quite variable, ranging from just 150 years in northern Canada (MacDonald et al., 1993) to 1000 ka in the Great Lakes (Davis, 1989) . These lags re¯ect limitations on seed dispersal, in¯uence of dispersal barriers (e.g. topography), and slow rates of soil production (Pennington, 1986) .
These observations have led a number of researchers to postulate rapid and extreme treeline responses to current and future warming in northern latitudes. These conclusions have been ampli®ed by models of forest stand and biome succession, which often postulate large and rapid shifts in forest patterns. For example, Kirilenko & Solomon (1998) parameterize their bioclimate model using forest migration rates derived from palynological data, suggesting that boreal forests may migrate at rates of 30±500 km per century under favourable climatic conditions. Forest stand evolution (gap) models have also been used widely to examine the in¯uence of climate change on individual forest stand mortality and composition (Solomon & Webb, 1985; Prentice et al., 1993; Price & Apps, 1996) . Most of these models rely on functional descriptions of tree growth, seed dispersal, and tree mortality in terms of climate parameters for various forest types. As the functional curves between temperature/precipitation and mortality are usually derived using the modern geographical distribution of forest types, gap models tend to predict`brittle' ecosystems where small changes in climate regime can lead to mortality and signi®cant changes in forest composition (e.g. Smith et al., 1992; Price & Apps, 1996) .
However, the hypothesis that forest extent should closely track future climate change is not universally held. In particular, Loehle & LeBlanc (1996) and Pacala & Hurtt (1993) have criticized the assumption that global warming will exert a primary control over the geographical extent of forests during the next century. By equating the climate regime of an existing biome with its theoretical limit, forest gap models underestimate competitive pressures between ecosystems. Because many biomes could survive in similar climate regimes, these competitive pressures (and not climate alone) constrain forests to particular`realized niches', and are likely to retard the rate at which individual tree species can invade`favourable' new territory. Loehle (2000) published results from an alternative forest gap model, which relaxed the temperature constraints on species mortality, and found rates of ecotone migration of less than 100 m per century under warming conditions. In addition, mechanistic roadblocks to ecosystem migration not included in most gap models (e.g. limited seed dispersal rates) may lead to long time lags (>1000 ka) and a stable distribution of forests for some time. Indeed, one of the paradoxes of high Quaternary forest expansion rates is that they outstrip experimental measurements of seed dispersion (Clark, 1998; Clark et al., 1998) .
Given the discrepancy between the high rates of forest migration predicted by bioclimate models and the low rates favoured by some ecologists, perhaps a resolution exists via direct observation of forest response to current climate change. Clearly, geological rates of forest (biome) migration are not comparable with short-term rates of stand expansion. The former occurs as a change in the geographical distribution of stands of a particular species, while the latter re¯ects the dynamics of individual stands. However, it is reasonable to suppose that long-term climate trends would be re¯ected in the size and frequency of individual tree stands at the ecotone.
Northern latitudes have experienced c. 0.6±1.0°C per century warming over the last 100 years, a greater magnitude than the northern hemisphere as a whole (Overpeck et al., 1997; Mann et al., 1999) . Assuming that ecological ranges expand 100 km northward per degree centigrade of warming in the northern hemisphere (MacArthur, 1972) , equilibrium forest ranges could be expanding northward at a maximum rate of c. 100 km per century. Of course, this simplistic calculation neglects the time lags and stabilizing factors discussed above, and actual migration rates would probably be much lower (Davis, 1989) . It is also unclear that temperature should be considered as the driving factor for forest change. Carbon dioxide is a limiting factor for many plant species, and elevated CO 2 levels as a result of fossilfuel emissions are expected to fertilize forest ecosystems (Tilman, 1993; Schimel, 1995) . Increased early spring temperatures in the boreal region should also lead to enhanced recruitment and seedling growth. However, thesè positive' climatic effects may be coupled with increased evapo-transpiration and moisture stress and increased levels of disturbance (®re, insects) (Jacoby & Arrigo, 1995) , which may counteract stand expansion, and lead to diebacks of forest stands.
Several ®eld studies have attempted to determine the current rate of expansion of boreal forest patches into adjacent tundra by direct measurement of tree ages and sapling establishment rate. In general, these studies have found extremely low rates of forest expansion (Payette & Filion, 1985; Payette et al., 1989; Szeicz & MacDonald, 1995; Suarez et al., 1999) . For example, Payette & Filion (1985) found that white spruce altitudinal tree line on the east coast of Hudson Bay rose several tens of meters during the last 100 years, but the latitudinal tree line changed little. Szeicz & MacDonald (1995) examined the mortality and establishment history of white spruce in north-west Canada, and concluded that recent warming had not caused re-establishment of stands abandoned at the close of the Little Ice Age in the nineteenth century. Suarez et al. (2000) mapped tree establishment along the tundra-white spruce boundary in north-west Alaska, and concluded that the forest had expanded into the tundra at a rate of c. 50 m per century. Many of these studies have also found evidence for greater establishment of young seedlings within forest gaps, supporting a general linkage of tree establishment and climate (Szeicz & MacDonald, 1995) , and suggesting that boreal forest stands may expand at a faster rate sometime in the next two centuries.
Taken together, the ®eld data suggest current expansion rates of less than 100 m per century for individual stands, considerably lower than those predicted from forest dynamics models or from extrapolating rates of Holocene ecosystem migration. However, these studies have necessarily been limited to small areas, where sampling of individual trees is practical. As noted by Payette et al. (1989) , local differences in exposure could lead to different stand responses to climate shifts. Accordingly, it is of interest to examine forest change on a regional basis in order to evaluate this heterogeneity. Moderate-and highresolution remote sensing offers one path for broadening the geographical scope of forest-climate investigations. The Landsat satellite series has been collecting 30-m resolution imagery since 1982, and 79-m resolution imagery from 1972 to 1992. While the spatial resolution of Landsat is not ideal for mapping very ®ne changes in forest stands, local forest expansion rates of 200±300 m per century, if present, should be detectable using the current Landsat data record. The objective of this paper is to use changedetection techniques on Landsat imagery from the 1970s and 1990s to investigate whether any changes in forest stand size, either local or systematic, are observable over the last 25±30 years.
M E T H OD O L OG Y Study areas
Two regions were selected for this analysis, based on the locations of previous studies and availability of early Landsat data (Fig. 1) . The ®rst area is centred on Richmond Gulf, on the east coast of Hudson Bay in Quebec. This region marks the northernmost boundary of foresttundra and shrub-tundra ecotones in eastern Canada. North of Richmond Gulf, trees only outcrop as isolated Kummerholz of black spruce (Picea mariana, Schopmeyer, 1974) , while south of the Gulf are large patches of white spruce forest [Picea glauca, Schopmeyer (1974) , Payette & Filion (1975 ]. Previous studies in this region detected some modest expansion of white spruce during the last century, with altitudinal limits increasing by a few tens of meters, and increased density of young trees and saplings within existing stands (Payette & Filion, 1985) . These studies found no evidence for large latitudinal shifts of forest cover, either in response to current climate shifts or in response to earlier Holocene climate shifts.
The second study area is situated at the eastern end of the Great Slave Lake, in the north-west Territories (Fig. 1) . The mapped forest±tundra boundary extends north±west±south± east in this region, skirting the north-eastern edge of the Great Slave Lake. Holocene changes in vegetation patterns have been analysed by MacDonald et al. (1993) for a series of lakes immediately north of the Great Slave Lake. There, pollen from black spruce began accumulating about 5000 yr BP B P, nearly synchronous with water balance shifts interpreted from carbon and oxygen isotopic data. MacDonald et al. (1993) suggest that the response of tree stands to Holocene climate shifts was rapid (lag times <150 years). Furthermore, the fact that these lakes occur some 25±50 km north of the current forest-tundra ecotone indicate signi®cant latitudinal shifts in treecover during the Holocene, in apparent contrast to the Richmond Gulf region (Payette & Filion, 1975) .
Remote sensing approach
The goal was to quantify the area (and hence rate) of forest expansion from available satellite imagery for each of the study areas. For each area, a Landsat-1 MSS image from the early 1970s was acquired together with a co-located Landsat-7 ETM+ image from 1999 to 2000 (Table 1 ). The Multispectral Scanner (MSS), the original Landsat sensor, acquired imagery with a ground resolution of 79 m, while the enhanced thematic mapper (ETM+) currently provides 30-m resolution imagery. Each MSS/EMTM+ image pair was acquired near anniversary dates to reduce confusion between seasonal forest change with interannual afforestation. Each ETM+ image was georeferenced to the MSS image using a second order polynomial ®t and subaveraged to 79.0 m spatial resolution using cubic convolution resampling. Figure 1 Location map showing the two ecotone areas considered in this paper: (a) the Richmond Gulf region, Quebec, and (b) the Great Slave Lake, north-west Territories. The boxes in the overview map (c) show the outlines of each region, while the boxes in the regional maps (a, b) illustrate the approximate boundary of each Landsat-7 ETM+ image used in this study. The background shading in (a, b) depicts areas with greater than 15% tree cover (Defries et al., 2000) , giving an indication of latitudinal treeline for each region. Black areas represent water. Note that scene boundaries are distorted by the Geographic projection of (a, b). GSL Great Slave Lake, LA Lake Athabasca. The Landsat-7 ETM+ data for each band k were converted from digital number (DN) to planetary (top of atmosphere) re¯ectance (q) using the standard relation:
where Z is the solar zenith angle, and g(k), b(k), and E 0 (k) are the gain, bias, and solar irradiance for band k, respectively (Jensen, 1996) . Because the calibration of ETM+ is known to be accurate to within 5% of absolute at-sensor radiance, MSS bands 2 (red) and 4 (near-infrared) were radiometrically cross-calibrated to ETM+ re¯ectance values for bands 3 (red) and 4 (near-infrared). This procedure was accomplished by selecting various ground targets that, by visual inspection, exhibited minimal change from one image to the other. These targets included dark water bodies, gravel coastlines, exposed rock, and homogenous forest stands. Although using vegetation targets for radiometric normalization presents the danger of circularity, the goal here is to detect expansion of forest-cover rather than radiometric changes within the forest canopy. Thus, normalizing the radiometric signatures of mature forest from ETM+ to MSS does not degrade the analysis. The results of the cross-calibration for both areas (Fig. 2 ) suggest that normalized difference vegetation index (NDVI) values are accurate to c. 0.05 between the image pair, based on the standard error about the regression between the calibrated data sets. After cross-calibration, the NDVI was calculated from red and near-infrared re¯ectance values for each image using the standard formula:
The NDVI metric has been widely used as a proxy for green vegetation cover, and has been correlated with both absorbed photosynthetic radiation and leaf-area index (Tucker et al., 1985; Sellers et al., 1994; Myneni et al., 1997) . As forests tend to be darker in the visible wavelengths (as a result of self-shadowing), and more re¯ective in the near-infrared (because of greater canopy coverage of the litter/soil background), NDVI of boreal forest stands tends to be higher than NDVI for surrounding tundra/scrub areas. Therefore NDVI can be used to detect forest expansion. Subtracting the MSS NDVI image from the ETM+ NDVI image yielded images of NDVI change (DNDVI) for each study area.
Change analysis
The probable rates of forest expansion in the boreal region are at the limit of resolution for the coregistered Landsat MSS/ETM+ pairs. A worst-case scenario would assume one-half pixel registration accuracy, and the requirement for detecting a full pixel (79 m) of forest expansion. In this case, the detection limit using Landsat data would be c. 400 m per century. However, the fact that NDVI rapidly saturates for young forests with low leaf area index (LAI » 3±4) suggests that expansion should be detectable even if only part of a pixel is forested. The averaging techniques described below also help to`build' the NDVI change signal. Thus it seems likely that the Landsat analysis approach presented here should be able to detect rates of expansion in the general range of 200±300 m per century. In order to increase the chance of detecting subpixel resolution changes in forest cover, multiple transects from the NDVI and DNDVI maps were taken across forest patch edges throughout the study areas. These pro®les were then averaged in order to reduce noise (random variability) and highlight consistent changes in forest-cover extent. Care was taken to ensure that pro®les were taken perpendicular to the local edge of forest patches, and that multiple pro®les were centred on the patch edge. For the Richmond Gulf study area, 20±25 pro®les were averaged for each cardinal direction, while 10±15 samples were averaged for each direction in the Great Slave Lake region.
One concern was that systematic errors in image±image coregistration could mimic changes in forest extent. Even the best polynomial ®t between images is likely to be accurate to only about one-half pixel. Residual errors will be distributed systematically within the image pair, with large sections showing similar offsets. These offsets could be confused with actual forest expansion when analysing the DNDVI maps. To examine this possibility, the DNDVI pro®les across patch edges were repeated in all four cardinal directions, under the assumption that systematic misregistration would show up as expansion of forest-cover in one direction, and a complementary reduction in forest-cover in the opposite direction.
This procedure thus distinguishes between real, isotropic increases in forest patch size and simple image misregistration.
RESULTS AND DI SCUSSION
Results for both study areas are consistent, and show little evidence for forest cover expansion at the 79-m resolution of the MSS/ETM+ image pairs. Visual inspection of paired MSS and ETM+ images underscores the stability of the boreal landscape on 25±30 years time scales (Fig. 3) . Individual patches of forest persist without observed change over this period. Even small (1 pixel) gaps in forest cover remained unvegetated during the study period. Some of the forest edges may re¯ect topographic boundaries, or boundaries in soil depth. The only signi®cant changes in forest-cover occur as a result of disturbance, presumably ®re (Fig. 4) . In these regions, reforestation following burning appears to be nearly complete after 25±30 years, although some spectral differences remain. Signi®cantly, NDVI values within the disturbed area in Fig. 4 increased from c. 0.24 to c. 0.55 during the 1972±2000 period. This indicates that NDVI increases rapidly in young forests, and suggests that recent expansion of forest stands should be detectable using the NDVI metric if such expansions were occurring. As described above, summed pro®les of DNDVI provide a more rigorous basis for assessing forest expansion or contraction. Summed pro®les across forest edges from Richmond Gulf and Great Slave Lake are shown in Figs 5 & 6, respectively. The pro®les show a consistent decrease in current NDVI values across forest edges, as expected, from values of 0.5±0.6 for forest to values of 0.3±0.4 for tundra, consistent with NDVI values reported elsewhere for forest and tundra ecosystems (Defries & Townshend, 1994) . The DNDVI values in Richmond Gulf values show slight positive values adjacent to the 1999 forest edge, suggesting a slight expansion in forest cover for some pro®les, but with a magnitude of much less than one pixel. Around the Great Slave Lake DNDVI pro®les show no real indication of forest change at all. There also appears to be little indication for azimuthal differences (anisotropy) in the distribution of DNDVI, which would suggest small, systematic misregistration of the imagery. Assuming no anisotropy, averaging the different directions should yield the most robust result because every pro®le is used (Fig. 7) .
These results support the ®ndings of ®eld researchers that boreal forest ecotones have migrated little during the last several decades in response to current warming (Payette & Filion, 1985; Suarez et al., 1999) , across both regional and local scales. Neither forest expansion in response to warmer spring temperatures and elevated CO 2 , nor dieback in response to increased water stress, was observed. While the Richmond Gulf pro®les do show some indication of increased patch size, the rate of expansion must be less than <200±300 m per century, in agreement with the earlier ®eld study from Alaska (Suarez et al., 1999) .
Two factors may be at work. First, environmental aspects not included in forest stand models may be retarding the expansion of boreal forest patches. These may include low seed dispersal distances, the abundance of dispersal barriers (e.g. glacial lakes, ridges), poor soils, and/or competitive pressure from surrounding herbaceous vegetation. As noted by Loehle & LeBlanc (1996) and Loehle (2000) , incorporating these factors into forest stand (gap) models may dramatically reduce calculated rates of forest change. Secondly, we may be seeing the effects of time lags between twentieth century warming and ecological response. Time lags of c. 150 years between climate forcing and boreal forest response have been reported from both pollen studies (MacDonald et al., 1993) and from numerical models of transient changes in vegetation (Star®eld & Chapin, 1996) . It is certainly possible that boreal forest expansion re¯ecting twentieth century warming will not become obvious for another 50±100 years.
It should also be noted that other, more sensitive, approaches for remotely sensing changes in land-cover extent will become available during the next decade. First, as the Landsat record lengthens, progressively lower rates of forest expansion should be observable (Fig. 8) . For example, by 2012, we will have accumulated a 30-year record of 30-m resolution imagery. Changes as small as 50±100 m per century should be observable with this record. Also, new commercial satellites (e.g. SpaceImaging IKONOS) with spatial resolutions on the order of 4 m have been launched during the last 2 years. A 10-year record of these observations could indicate rates of expansion as low as 20±40 m per century. Also, as the highest resolution systems do not collect imagery systematically over the entire planet, some provision should be made to sample key ecotones now, so that change detection can be carried out in the future.
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